Accommodation of donor and acceptor substrates is critical to the catalysis of (thio)phosphoryl group transfer, but there has been no systematic study of donor nucleotide recognition by kinase ribozymes, and there is relatively little known about the structural requirements for phosphorylating internal 2 0 OH. To address these questions, new selfphosphorylating ribozymes were selected that utilize ATP(gammaS) or GTP(gammaS) for 2 0 OH (thio)phosphorylation. Eight independent sequence families were identified among 57 sequenced isolates. Kinetics, donor nucleotide recognition and secondary structures were analyzed for representatives from each family. Each ribozyme was highly specific for its cognate donor. Competition assays with nucleotide analogs showed a remarkable convergence of donor recognition requirements, with critical contributions to recognition provided by the Watson-Crick face of the nucleobase, lesser contributions from donor nucleotide ribose hydroxyls, and little or no contribution from the Hoogsteen face. Importantly, most ribozymes showed evidence of significant interaction with one or more donor phosphates, suggesting that-unlike most aptamers-these ribozymes use phosphate interactions to orient the gamma phosphate within the active site for in-line displacement. All but one of the mapped (thio)phosphorylation sites are on unpaired guanosines within internal bulges. Comparative structural analysis identified three loosely-defined consensus structural motifs for kinase ribozyme active sites.
INTRODUCTION
The RNA world hypothesis postulates a primitive RNA-directed metabolism before the evolution of genetically encoded protein synthesis [for a review see ref. (1)]. This notion has received support from recognition that the peptidyl transferase center of the bacterial ribosome is composed completely of RNA (2) , from the discovery of eight natural classes of ribozymes that perform hydrolysis and phosphate ester exchange reactions (3) , and from the identification of numerous riboswitches and non-coding RNAs (4, 5) . The RNA world hypothesis is also supported experimentally by the identification of artificial nucleic acid catalysts through in vitro selection methods. These catalysts promote a variety of chemical transformations, including amide bond formation (6) , carbon-carbon bond formation (7), alkyl group transfer (8) , acyl transfer (9) , phosphodiester bond formation (10) , limited RNA polymerization (11) and aminoacylation (12) . Mapping the functional versatility and catalytic proficiency of ribozymes helps to constrain RNA world theories, while also generating tools that could potentially be used to re-engineer cellular metabolisms.
Phosphoryl transfer is a ubiquitous and important reaction in modern biology. It drives unfavorable reactions by generating chemically labile or conformationally unstable intermediates, it decreases metabolite permeability across membranes, it regulates protein-protein interactions and enzyme activity, it amplifies intracellular signals and it enables DNA synthesis and repair. Phosphoryl transfer is almost certainly one of the most ancient enzymatic activities and may pre-date the invention of genetically-encoded protein synthesis (1) . Kinase activity is well established among catalytic nucleic acids selected in vitro. Kinase ribozymes able to transfer a (thio)phosphoryl group from an ATP(gS) donor to their 5 0 -or 2 0 -OH were first isolated by Lorsch and Szostak (13) , and subsequently by the Burke and Bartel labs (14, 15) . One ribozyme, denoted 2PT3.1min, underwent multiple cycles of thiophosphoryl hydrolysis and re-thiophosphorylation (16) , analogous to molecular motors that use ATP hydrolysis to power a work cycle. Catalytic DNA strands with kinase activity have also been described (17) (18) (19) (20) . The chemistry of phosphoryl transfer is expected to be optimal when the acceptor nucleophile is close to the gamma phosphate and directly aligned with the nucleotide diphosphate leaving group on the donor. Nucleophilicity of the acceptor group is also likely to play a role; however, the observation that catalysis by two different kinase ribozymes was independent of pH (14, 21) suggests that the primary role of the RNA is to reduce substrate entropy by bringing the donor and acceptor into alignment. The evolutionary and engineering challenges for generating new kinase ribozymes are therefore intimately associated with the challenge of constructing binding pockets that suitably organize the donor and acceptor substrates.
Nucleotide triphosphates (or their g-thio analogs) serve as donors for all kinase ribozymes identified to date. There have been no systematic studies of donor nucleotide recognition by kinase ribozymes, and there is almost no information about how these ribozymes bind and orient the nucleotide donors. In contrast, numerous aptamers have been selected to bind nucleotide triphosphates and other nucleotide cofactors (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) , and the details of their molecular interactions have been revealed largely through NMR analysis and computational modeling (34) (35) (36) (37) (38) . These studies have shown that nucleotides are held in aptamer binding pockets primarily through base stacking and through hydrogen bonding with the sugar and with the Hoogsteen and Watson-Crick faces of the nucleobase, with little or no contribution from the phosphates. However, mere binding cannot be expected to predispose an RNA for catalysis (39) . Formation of an active site that productively orients the donor nucleotide for catalysis may require more extensive or specialized interactions than those required for recognition by aptamers.
As for the phosphoryl acceptor moiety, the ribose hydroxyls are expected to offer the greatest opportunity for being organized into a productive conformation. The ribose hydroxyls of the RNA backbone present relatively low diffusional and conformational entropy as compared to a fully diffusible acceptor substrate. Kinase ribozyme selections have yielded species that (thio)phosphorylate various positions within the RNA chain, especially on the 5 0 OH or on internal 2 0 OH groups. Phosphorylation of 5 0 OH has been studied in some detail, particularly for the Kin.46 ribozyme (13, 21, 40) . Ribozymes that kinase internal positions have remained largely uncharacterized.
To gain a better understanding of the structurefunction relations in this class of ribozymes, we performed an in vitro selection for new kinase ribozymes capable of transferring a thiophosphoryl group from ATPgS or GTPgS to an internal 2 0 OH. Representatives from eight independently derived ribozyme families were analyzed to establish kinetic parameters for catalysis of phosphoryl transfer, to identify the determinants of substrate recognition, to establish their respective secondary structures, and to map thiophosphorylation sites. Comparative analysis identified a remarkable functional convergence that included ribozyme interactions with one or more phosphates in the donor nucleotide for nearly all the ribozymes and a non-random predilection for phosphorylating at guanosines.
MATERIALS AND METHODS

Materials
Oligodeoxynucleotides were purchased from Integrated DNA technologies (IDT, Coralville, IA). RNA was transcribed in vitro using phage T7 RNA polymerase, which was overproduced in bacteria and purified in the lab. Other enzymes were purchased from New England Biolabs (Ipswitch, MA), Ambion (Austin, TX) and Amersham Biotech (Pittsburgh, PA). ATPgS and GTPgS were purchased from Sigma (St. Louis). P]-CTP and [a 32 P]-dATP, respectively) were purchased from Perkin-Elmer (Waltham, MA). N-acryloyl-aminophenylmercuric chloride (APM) was prepared as described (41) .
Selection scheme
The initial RNA library ($10 14 unique species) was generated as described previously (14) with the following nucleotide sequence: 5 0 GGACCCUAGGGAAAAGCGA AUCAUACACAAGA(N 70 )GGGCAUGGUAUUUAA UUCCAUA 3 0 . During the selection, the first 8 nt were ligated to the library post-transcriptionally (14) to introduce a HEG-tethered deoxycytidine as an extra potential phosphorylation target. Because the selected species were found to be independent of this tethered substrate, full-length RNA was transcribed directly for all post-selection analysis.
During each selection cycle, gel-purified RNA was unfolded at 75-80 C for 5 min in water, followed by addition of 5Â kinase reaction buffer (1Â = 6 mM MgCl 2 , 0.2 mM CaCl 2 , 0.5 mM MnCl 2 , 0.01 mM CuCl 2 , 200 mM KCl, 15 mM NaCl, 25 mM HEPES, pH 7.4). The RNA was then refolded on ice for 5 min. Kinase reactions were initiated by adding thiophosphoryl donor(s) and moving the reaction mixtures to 32 C. For selection cycles 1-4, both 2.5 mM ATPgS and 2.5 mM GTPgS were present. The pool was then split, and cycles 5-10 were performed along separate paths in which only 2.5 mM ATPgS or 2.5 mM GTPgS was present. Aliquots of the Rnd6 products were pooled for a third path (denoted 'mixed-donor') in which both donors were present. Kinase reactions were stopped after 18 h (cycles 1-4) or 14 h (cycles 5-10) by addition of an equal volume of dye-free stop buffer (95% formamide, 15 mM EDTA). Samples were immediately loaded onto a trilayered 6% denaturing polyacrylamide gel with a 1-2 cm layer containing 50 mg/ml APM. This concentration of APM traps thiophosphorylated RNA at the non-APM/APM interface (42) . Thiophosphorylated product was recovered from this layer by elution into dithiothreitol, as described (14) . Purified RNAs were RT-PCR amplified for use in the next round of selection. Thiophosphorylated product was first visible at the APM interface in Rnd 7 for the A-specific and mixed-donor selections, and in Rnd 8 for the G-specific selection. Products of Rnd 10 were converted to double-stranded (ds) DNA and cloned into pUC18 for shotgun sequencing.
Kinetic analysis of kinase reactions
Internally radiolabeled transcripts were gel purified and refolded as above so that each reaction included 1-2 mM RNA (50 000-200 000 cpm). Reactions were initiated by addition of 2.5 mM donor (final concentration) for initial verification of activity or 1 mM donor for all other analyses, except where other concentrations are specified. Reaction mixtures were incubated at 32 C, then quenched at various times in stop buffer (95% formamide, 15 mM EDTA, xylene cyanol ff and bromophenol blue in traces). Products were separated on 8% denaturing trilayered APM gels. Autoradiographs were obtained with a FLA-5000 phosphorimager (FujiFilm) and analyzed with MultiGauge software. The fraction of the RNA converted to product at a given time [f(t)] was calculated by dividing the intensities of RNA retained at the APM interface into total for each lane. For kinetic analysis, the rate constants (k obs ) and extrapolated plateaus (f max ) were obtained by fitting the data to a first-order rate equation using KaleidaGraph (Synergy Software):
ðÀk obs tÞ :
Specificity of the phosphate donor
To determine donor specificity, product formation was measured for each ribozyme in the presence of 1 mM of each donor in separate reactions. Reactions were stopped after 8 h (GTPgS-dependent RNAs) or after 12 h (ATPgS-dependent RNAs) and analyzed as above. Analog competitions were performed in the presence of 1 mM cognate NTPgS plus 10 mM of each analog. Adenine stock solutions were prepared at low pH to promote solubility, and reactions were neutralized with NaOH.
Identification of thio-phosphorylation sites
Each ribozyme was labeled with 32 P on its 5 0 or 3 0 terminus, gel purified, subjected to overnight self-thiophosphorylation, and purified on an 8% APM-gel as above. Alkaline digestions of DTT-extracted, thiophosphorylated products were performed in 2x Alk buffer (1x = 100 mM Na 2 CO 3 pH 9.0, 2 mM EDTA), for 15 min at 90 C. Control RNAs were digested in 1x Alk buffer for 10 min. Ribonuclease T1 digestions under denaturing conditions (0.1 U/ml T1 in 0.025 M Na-citrate, 7 M urea, 10.5 mM EDTA pH 8.0, at 55 C for 10 min) served as size standards. Digestion products were separated on 10-20% denaturing polyacrylamide sequencing gels either with or without an APM layer.
Secondary structural analysis
Under native conditions at 32 C, 5 0 radiolabeled RNA (50 000-200 000 cpm) was digested with ribonuclease T1 (Ambion, 0.005 U/ml for 2 min), or S1 nuclease (New England Biolabs, 4.75 U/ml for 10 min), or ribonuclease V1 (Ambion, 5 Â 10 À5 U/ml for 8 min). Size ladders for each RNA were produced via alkaline digestion and denaturing T1 digestions as above. All reactions were quenched with equal volumes of colorless gel loading buffer (10 M urea, 15 mM EDTA) and quickly cooled on dry ice plus ethanol. Products of digestions were separated on 8 M urea denaturing 15% polyacrylamide gels and analyzed as above. Secondary structures were calculated with the online web servers of the programs mFold (43) and MC-fold (44) .
RESULTS
New populations of kinase ribozymes
A random-sequence RNA library was incubated overnight with ATPgS and/or GTPgS to allow for RNA-mediated thiophosphoryl transfer onto an internal 2 0 OH or terminal 2 0 /3 0 OH. Each RNA was 126 nt in length, with 70 random positions flanked by binding sites for amplification primers. Both donors were present during the first four selection cycles, after which the population was split into a G-, an A-specific path, and a third path in which both donors were present ('mixed-donor'). In each selection cycle, thiophosphorylated RNA product was recovered from the organomercurial layer (N-acryloylaminophenylmercuric chloride, or APM) of a tri-layer gel (14, 42) , amplified and transcribed for the next cycle of selection. Product accumulation above background was first detected in the 7th selection cycle and climbed to as high as 67% in the 10th cycle.
Approximately 20 sequences were obtained from each of the three selection paths (Supplementary Figure S1) . Ribozymes from the A-specific path (K1-K20) clustered into six families of related sequences, while those obtained from the G-specific path (K21-K40) clustered into three families. Most (17 out of 20) of the ribozymes from the mixed-donor path (K41-K60) clustered with one of the A-specific families with 95-100% sequence identity, while three clones exactly matched the G1 family of G-specific ribozymes. To measure thiophosphoryl transfer activity of the individual selected ribozyme species, one representative from each sequence group was transcribed from PCR products, and these RNAs were incubated with ATPgS or GTPgS under the conditions of the selection. The products were again separated on a tri-layer APM gel and the fraction converted to product was plotted as a function of time ( Figure 1A and B). Clone K19, the only representative of group A6, was inactive and was eliminated from subsequent analysis.
All eight active ribozymes followed first-order rate kinetics, with 30-90% conversion to product at the plateau. Individual rate constants (k obs ) varied over a range of one order of magnitude (from 0.5 Â 10 À3 to 5.1 Â 10 À3 min À1 ) ( Figure 1C ), corresponding to a rate enhancement of approximately 10 4 -fold relative to the rate of uncatalyzed hydrolysis of ATP (13, 45) . In general, ribozymes from the G-specific path (K22, K28, K37) were more active than those from the A-specific path, both in terms of k obs and fraction converted to product at the plateau. For the three ribozymes from the G-specific path, k obs values were all in the same order of magnitude (k obs = 4 Â 10 À3 min
À1
) and were essentially independent of donor concentration at all concentrations tested (K m GTPgS < 0.1 mM) ( Figure  2 , Supplementary  Table S1 ). Each of the ribozymes from the A-specific path also gave similar k obs values (k obs = 0.9 Â 10 À3 min À1 ). These values were essentially independent of donor concentration at 0.5 mM and above, so we consider K m ATPgS to be < 0.5 mM. (Net activity was too low to fit reliably at 0.1 mM for five of the six A-specific clones.) Subsequent experiments were performed at 1 mM ATPgS or GTPgS donor concentration, to ensure saturation of ribozyme active sites.
Alternative donor nucleotide utilization
The A-specific and G-specific populations are derived from a common evolving population in which ATPgS and GTPgS donors were both present during the early selection cycles. Several ribozyme families were recovered from both the specific-donor and mixed-donor populations (in family A1, for example, six isolates are from the A-specific selection path and eight isolates are from the mixed-donor path). To determine whether this evolutionary history produced ribozymes with promiscuous substrate specificity, such as the ability to utilize any purine nucleotide as thiophosphoryl donor, activities were monitored for all eight active families in cross-donor assays, wherein molecules from the ATPgS selection were allowed to react with GTPgS, and molecules from the GTPgS selection were allowed to react with ATPgS. In every case, product formation was only observed with the cognate donor, and the signal in cross-donor assays was indistinguishable from background ( Figure 3) . Thus, recognition of the nucleobase portion of the donor nucleotides is essential for catalysis for each of the selected ribozymes.
The gamma thio-substitution is required for efficient catalysis but not for substrate recognition
The most highly active clones from each group (K8 for the ATPgS group, and K37 for the GTPgS group) were subjected to self-thio-phosphorylation reactions in the presence of increasing concentrations of non-thiosubstituted NTP as competitor. In each case, ribozyme kinetics were well behaved in the presence of the competitor ( Figure 4A ). Competition for access to the active site is expected to result in reduced rates of reaction as competitor concentration is increased without altering the plateau value at long reaction times. Independently, any phosphorylation by the natural (non-thio) nucleotide is expected to produce a poison product that will be unable to react with the thio-substituted nucleotide, thereby lowering the maximal amount of sulfur-containing product detected at the APM interface at long reaction times. K37). Thus, both ribozymes recognize the thio-and non-thio-substituted nucleotides with roughly equal affinity. The maximal amount of product formed at long times is essentially independent of 1 mM competitor for both ribozymes. The pattern was similar at lower competitor concentrations: reduced reaction rate with minimal effect on plateau values ( Figure 4B ). In separate reactions, several ribozymes became radiolabeled upon incubation with [g-
32
P]ATP or [g-32 P]GTP (data not shown). However, the amount of product formed did not saturate within 24 h, and it was difficult to establish the fraction converted to product for kinetic analysis [in contrast to previous work with short oligonucleotide acceptor molecules (21)]. We conclude that for these two ribozymes, the sulfur atom on the gamma phosphate is required for efficient catalysis of thio-phosphoryl transfer but not for substrate recognition.
Donor nucleotide analog competition
To obtain a more detailed view of substrate recognition by these ribozymes, reactions were monitored in the presence of 1 mM cognate donor and a panel of 10 mM analogs that served as non-reactive competitors. To avoid potential depletion of Mg 2+ ions from chelation by the analogs, Mg 2+ concentration was increased to 20 mM. To simplify analysis of multiple analogs for multiple RNAs, thiophosphorylation yields were determined at a single time point for each RNA, approximately half the time required to reach saturation in the absence of inhibitor. Low yield indicates competition with the cognate substrate, while high yield (little or no competition) implies that the chemical differences between substrate and analog prevents competition by interfering with recognition. Yield was normalized to the amount of product formed in the absence of competitor (Supplementary Figure S2) . These results were mapped onto the structures of the cognate donors for four A-specific ribozymes (K5, K6, K8 and K20) and three G-specific ribozymes (K22, K28 and K37) ( Figure 5 ) to define which moieties are required for donor nucleotide recognition. Large circles in the figure signify important contributions to substrate recognition from the indicated moiety.
Several trends are evident for each ribozyme and among subsets of selected ribozymes, with surprising convergence among the subsets. All eight ribozymes showed low reactivity (strong competition) when the g-thio moiety was replaced with an oxygen in the analog. The sulfur atom is therefore not required for recognition, and the results obtained for K38 and K20 above can be extrapolated to all eight ribozymes tested here. All eight ribozymes were highly active in the presence of competitors that carry only the nucleoside or nucleobase components. Purine, adenine, 3-methyl-adenine and adenosine are all unable to compete for ATPgS, and neither purine nor guanosine competes with GTPgS. Competition progressively decreased as the gamma, beta and alpha phosphates were removed. Although the relative importance of the beta and gamma phosphates varied among the ribozymes, all eight ribozymes appear to use phosphate interactions as part of their overall recognition of their respective donors, and probably also as part of their reaction mechanism (see 'Discussion' section). The Watson-Crick faces of A and G, and the sugar edge of A are strong determinants of donor substrate recognition. This is evidenced by strong reactivity in the presence of GTP for the A group, or in the presence of ATP for the G group. Interestingly, inosine triphosphate strongly competes with GTPgS (see Supplementary Figure S2A ), indicating that the exocyclic 2-amino group is not required for recognition by these three ribozymes. The 7-position (G group) and 8-position (A group) are not required for interaction by any of these ribozymes, as evidenced by strong competition from compounds with bulky moieties at these positions (7-methyl-GTP and 8-bromo-ATP). Finally, recognition requirements for the ribose hydroxyls are shared across all of the ribozymes from the A-specific path and across all of those from the G-specific path, although the two sets differ markedly in their dependences. The A-specific ribozymes are significantly inhibited by analogs that remove either the 2 0 OH or both the 2 0 and 3 0 OH, indicating that those oxygens contribute little to donor substrate recognition. Although the G-specific ribozymes were also inhibited by 2 0 dGTP (no requirement for interaction with the 2 0 OH), they were not inhibited by 2 0 ,3 0 -ddGTP (indicating a strong requirement for the 3 0 OH). In addition to the inter-and intra-group similarities, some ribozymes displayed minor differences in their recognition patterns. For example, ribozymes K5 and K6 from the A-group are more dependent on the six-amino moiety than are ribozymes K8 and K20, as indicated by the weak competition from adenine in comparison with the complete lack of inhibition from adenine. Similarly, ribozyme K22 from the G-group is more readily inhibited by many of the analogs than are the other two ribozymes in this group. Overall, these results suggest a remarkable convergence of substrate recognition patterns both within and between ribozyme groups. 
Identification of thio-phosphorylation sites
To map the precise sites of phosphorylation within each ribozyme, 5 0 -[ 32 P]-labeled clones were self-thiophosphorylated by incubation with the cognate NTPgS donor, followed by partial alkaline digestion. When the digested products were separated on denaturing sequencing gels, the modification site appears clearly as a gap in the digestion pattern (13, 14) . This approach not only identifies the nucleotide to which the thiophosphoryl group is attached, but also establishes the 2 0 OH as the point of attachment to the RNA chain, since this is the only stable attachment expected to prevent attack of the 2 0 OH on the adjacent phosphate. A single missing band in the ladder for the thiophosphorylated RNA identifies the modification site ( Figure 6 , left panels within each set of gels). As an independent strategy to identify modification sites, these same alkaline digestion products were separated on gels that contained an APM layer. For these analyses, all fragments containing the thiophosphoryl modification were retained at the top of the APM layer, while smaller, non-phosphorylated fragments formed a ladder well below the APM interface. The site of thiophosphorylation is identified as the first missing nucleotide above the ladder that passes through the APM layer ( Figure 6 , right panels within each set of gels). Both analytical procedures were also applied in separate reactions using 3 0 -radiolabeled RNA to ensure good resolution at both ends of the 126 nt RNAs (data not shown).
Both methods unambiguously identified a single thiophosphorylation site in each of seven ribozymes: K5, K6, K8, K11, K20, K22 and K37 are modified on nucleotides G71, G46, G45, G49, G40, G11 and A12, respectively. All of these sites are located on the 2 0 OH of purine residues, and all but one are on guanosines, independent of whether the ribozyme uses ATPgS or GTPgS as donor (see 'Discussion' section). The A-specific ribozymes self-modify within the original 70N random sequence between nucleotides 40 and 70, while the three G-specific ribozymes thio-phosphate one of two adjacent nucleotides within the 5 0 primer-binding site. For the remaining ribozyme, K28, reaction products were consistently retained at the APM interface-indicating accumulation of self-thiophosphorylated product RNA-but there were no gaps in the digestion pattern. This behavior is consistent with the presence in the sample of mixed RNA populations carrying modifications at multiple sites, with no one site being fully occupied.
Secondary structural contexts of the phosphorylation sites
Secondary structures were determined for each of the ribozyme families whose modification sites were determined above. RNA (5 0 -end-labeled) was refolded in the kinase activity assay buffer and partially digested with RNAse T1 (cleaves after each unstructured G), V1 (cleaves ds RNA), or S1 (cleaves unstructured nucleotides). Cleavage sites were identified by gel electrophoresis (Supplemental Figure S3) , and were used to identify probable secondary structures from among computational models generated by mFold (http://mfold.bioinfo.rpi .edu/cgi-bin/rna-form1.cgi) (43) and by MC-fold (http:// www.major.iric.ca/MC-Fold/) (44) algorithms. The A-specific ribozymes fold into an elongated stem interrupted by multiple asymmetric internal loops (ribozymes K6, K8 and K11), or into branching structures with a central three-way junction (ribozymes K5 and K20). For the G-specific group, ribozymes K22 and K37 both fold into structures with three major helices that branch out from a central, three-way junction core with large unpaired segments (Figure 7 ). Both ribozymes K22 and K37 use the 5 0 and 3 0 primer-binding sites and a shared sequence from the original random nucleotides (AACCUA) to form one of the stems and joining strands.
The modification sites identified above are all located on unpaired nucleotides within internal loops. Three 
, purine (gray box, Pur), 7-methyl-GTP (7-Met-GTP), inosine triphosphate (ITP) and ATP. Guanine was not tested because of its low solubility at the pH of the reaction. Filled and shaded circles corresponding to each ribozyme are clustered next to the atoms or group of atoms whose roles are probed by the respective analogs. The sizes of the circles represent the percentage of self-thio-phosphorylation in five decreasing sizes relative to product formation for no-competitor reactions: >80%; 60-80%; 40-60%; 20-40%; <20%. Raw data (Supplementary Figure S2) were normalized to the control reaction, taken as 100% activity. Thus, large circles also indicate important contributions to substrate recognition. Specificities of ribozyme K11 were similar to those of the other ATPgS-dependent ribozymes; however, these data are omitted from Figure 5 because of the large error values relative to the measured yields (See Supplementary Figure S2) . structural contexts are apparent. For ribozymes K5, K8 and K20, the modified nucleotide is in the middle of a 3 nt YGA motif within a symmetrical, internal loop. The unmodified strand of the internal loop is the sequence GAN for all three of these ribozymes. For ribozymes K6 and K11, the modification sites are within an A-rich strand on the G residue immediately adjacent to a base-paired stem, and the unlabeled strand is of the sequence UGCG(C/A)A. This motif is identical to the active site of the 2PT3.1 self-kinasing ribozyme identified previously (14) . Unlike ribozymes K6 and K11, ribozyme 2PT3.2 modifies a guanosine in the second position of the purine-rich strand rather than the position immediately adjacent to the stem. The purine-rich strand of the active site in 2PT3.1 was derived from the fixed, primer-binding site, while in ribozymes K6 and K11 these segments are derived completely from the original 70N random segments, further indicating their independent evolutionary origins. For the two G-specific ribozymes, the site of modification is a guanosine immediately adjacent to (ribozyme K22), or an adenosine one position removed from (ribozyme K37), a base-paired stem. Both modification sites are within the three-way junction and are across from two or more adenosines in the AACCUA sequence motif shared between these isolates. Thus, the independent structures formed by the seven A-and G-specific ribozymes described here converge on a restricted set of three secondary structures to achieve thiophosphoryl transfer onto internal 2 0 OH.
DISCUSSION
This work describes kinase activity and substrate recognition for eight new families of kinase ribozymes.
Ribozymes that utilize GTPgS (K22, K28, K37) are slightly more active than their ATPgS counterparts with respect to the parameters that determine selection fitness (rate, donor substrate affinity and fraction folded into a productive conformation). The apparent K m values (K m <0.1 to <0.5 mM) of all the selected species are well below the concentration of donor nucleotides that were available during the selection (2.5 mM), and the apparent first-order rate constants (k obs = 1 to 4 Â 10 À3 min À1 ) correspond to 1-5 reaction half-lives during the overnight incubations. Thus, the selection yielded ribozymes for which the selection conditions were highly permissive both in terms of effecting chemistry and substrate recognition. These apparent K m and k cat values are comparable to those obtained previously for unoptimized kinase (deoxy)ribozymes (13) (14) (15) 17) .
Ten internal thiophosphorylation sites have now been mapped in kinase ribozymes derived from random-or nearly random-sequence populations [seven in this work and three mapped previously (13, 14) ]. All 10 are on purines, and 9 of 10 are on guanosines, irrespective of whether the ribozymes utilized ATPgS or GTPgS as thiophosphoryl donor (see inset in Figure 6 ). Intrinsic nucleophilicity and positioning effects may contribute to this non-random regioselectivity. A recent study of 2 0 OH alkylation susceptibilities in denatured RNA found that the 2 0 OH of A and G are indistinguishably reactive, and that they are 1.4-1.7 times more reactive than the pyrimidines hydroxyls (46) . Ribose 2 0 OH pKa values measured directly by proton chemical shift titration (47, 48) each give slightly different pKa values, but the trend is that the 2 0 OH of A is a few tenths of a pH unit more acidic than G, followed closely by the pyrimidines. However, indirect measurements of pKa using transesterification kinetics (49, 50) indicated that the identities of the nucleotide Figure 6 . Mapping thiophosphorylation sites. Autoradiography of alkaline digestion before (À) and after (+) self-thiophosphorylation of each 5 0 -radiolabeled clone. For each ribozyme, the same digestion products were run on normal (left three lanes) or on tri-layered APM (right three lanes) sequencing gels. Gaps in the digestion patterns (black dots) indicate thiophosphorylation sites. T1, size ladder generated by ribonuclease T1 digestion under denaturing conditions. Inset table shows the local sequence context of internal 2 0 phosphorylation sites in kinase ribozymes selected in vitro. Ribozymes K5 through K37 are from this study. Ribozyme 2PT3.1 (29) , ribozymes Kin.10 and Kin.62 (13) were isolated previously. Underlined nucleotides are involved in base pairing. Secondary structure of Kin.10 is speculative (dotted lines).
bases that flank the target RNA linkage have a negligible effect on the pKa of the nucleophilic 2 0 OH (49). Thus, while intrinsic chemical reactivity modestly favors purines, it does not fully explain the preference for guanosine.
We speculate that substrate orientation plays an important role in determining the targeted nucleotide. Nucleophilic displacement at phosphates is optimal when nucleophile and leaving group are oriented 180 relative to the phosphorous (tau angle) and the nucleophile is at a distance of 3 Å . The resulting 'in-line fitness' falls off approximately as the squares of the distance and of cos(t) (51) . The multiple interaction opportunities presented by the guanine nucleobase (especially via hydrogen bonding and aromatic stacking) may simplify the sequence requirements for the formation of a ribozyme acceptor pocket that orients the 2 0 OH for productive chemistry. It is important to note that internal esterification on cytidine (52) and uridine (53) has been noted previously for (amino)acyl transfer from AMP-or CoA-activated acyl groups, demonstrating that regioselectivity for the guanosine 2 0 OH is not universal. Furthermore, reselection of thiophosphoryl transfer activity from a partially mutagenized acyltransfer ribozyme yielded internal phosphorylation at all four nucleotides in roughly equal numbers (A:C:G:U = 1:1:2:1) (15) (these results are not included in the inset in Figure  6 because the starting library was heavily constrained by the original acyltransferase ribozyme sequence from which those output kinase ribozymes were selected). Nevertheless, the combination of subtle preferences, such as purine nucleophilic chemistry and acceptor orientation, may have been amplified through multiple cycles of selection to yield the observed overabundance of guanosines as thiophosphoryl acceptors.
The eight ribozymes analyzed here showed a remarkable convergence of apparent requirements for donor substrate recognition, as defined through analog competition assays and alternative substrate utilization assays. In all cases, the nucleobase appears to be critical to recognition, especially the Watson-Crick faces of G and A and the sugar face of A. This observation can be explained, in part, by the fact that the selections started with both ATPgS and GTPgS present, thereby eliminating from the population ATPgS-dependent ribozymes that are strongly inhibited by GTP and GTPgS-dependent ribozymes that are inhibited by ATP. Analogs with bulky substitutions on the Hoogsteen face (7-methyl-GTP and 8-bromo-ATP) compete with the cognate substrates, indicating a lack of steric constraints at these positions. The G-specific ribozymes appear to hydrogen bond to the ribose 3 0 OH, while the A-specific ribozymes are insensitive to ribose alterations. While DNAzymes that phosphorylate 5 0 OH groups had previously been shown to differentiate among the major nucleotide triphosphates (17) , the present work provides the most detailed view to date regarding the individual moieties responsible for donor nucleotide recognition. The features of nucleotide recognition reported here parallel those observed previously for aptamers selected to bind nucleotides (22, 24, 35) .
Importantly, all of these ribozymes also show evidence of interacting with the alpha, beta and/or gamma phosphates. Removing the phosphates progressively reduces competition for the active site. Such interactions may help position the gamma phosphorous and beta/gamma bridging oxygen for in-line, nucleophilic displacement by the attacking acceptor oxygen. While several naturally-occurring riboswitches recognize phosphates in their target metabolites (54) (55) (56) (57) (58) , phosphate recognition is often accompanied by more complex RNA structures. Phosphate recognition is very rare among aptamers selected from random-sequence libraries, such as the 3 0 phosphate requirement for CoA aptamers 80PSA21 and 70PSA17 (29) and modest discrimination between cAMP and adenosine (32) , or between FMN and riboflavin (33) . Most aptamers selected in vitro do not discriminate between phosphorylated and nonphosphorylated forms of their molecular targets (22, 23, (25) (26) (27) (28) 30, 31, 35, 59, 60) . Thus, the requirements for donor substrate utilization impose additional selection pressures on evolving ribozymes beyond those encountered by aptamers that are selected merely for binding to their ligands by extending recognition to include one or more phosphates.
From this and previous work, it is clear that random sequence space is populated with a large number of structured RNAs that catalyze self-thiophosphorylation of terminal or backbone hydroxyls. (Thio)Phosphoryl transfer onto diffusible metabolites is anticipated to be more challenging catalysis due to the need to orient the acceptor. Further exploration of ribozyme capabilities will establish whether metabolically relevant kinase ribozymes could have arisen readily in an RNA world.
